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Abstract: Having discovered that Earth-sized planets are common, we are now embarking on






















of the most compelling endeavors of the 21st century – leading us toward finally answering the
question “Are we alone?”
To achieve this forward-looking goal, we must determine the masses of the planets; the sizes
of the planets, by themselves, are not sufficient for the determination of the bulk and atmospheric
compositions. Masses, coupled with the radii, are crucial constraints on the bulk composition and
interior structure of the planets and the composition of their atmospheres, including the search for
biosignatures. Precision radial velocity is the most viable technique for providing essential mass
and orbit information for spectroscopy of other Earths.
The development of high quality precision radial velocity instruments coupled to the building
of the large telescope facilities like TMT and GMT or space-based platforms like EarthFinder can
enable very high spectral resolution observations with extremely precise radial velocities (∼cm/s)
on minute timescales to allow for the modeling and removal of radial velocity jitter. Over the next
decade, the legacy of exoplanet astrophysics can be cemented firmly as part of humankind’s quest
in finding the next Earth – but only if we can measure the masses and orbits of Earth-sized planets
in habitable zone orbits around Sun-like stars.
Toward this goal, we have three major recommendations:
1. We endorse the findings and recommendations published in the National Academy reports on
Exoplanet Science Strategy and Astrobiology Strategy for the Search for Life in the Universe. This
white paper extends and complements the material presented therein.
2. Specifically, the US should invest in the EPRV initiative as recommended by the National
Academies of Sciences Exoplanet Science Strategy Report
3. The US should invest in the instrumentation, telescope facilities (ground and space-based)
and advanced tools for statistical modeling of stellar variability necessary to obtain the radial ve-
locity observations at the precision and quality sufficient to determine the masses and orbits of
Earth-sized planets in the habitable zones of Sun-like stars. The most compelling systems will be
discovered in both hemispheres, and thus, facilities need to access the whole sky.
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Finding Earth 2.0: Discovery and characterization of Earth-like planets in the habitable zones
of Sun-like stars remains one of the highest level goals of exoplanet research today. We have
moved from an era of pure discovery to an era of exoplanetary characterization, and have shown
that “small” planets are common around main-sequence stars and many orbit within the “habitable
zone” of their host stars [25]. But transit surveys, like Kepler/K2, TESS and PLATO [10, 20, 19]
only provide a planet’s radius. Direct imaging surveys from the ground (e.g., 30-meter telescopes)
or from space (e.g., HabEx or LUVOIR) will find potentially Earth-like planets, but the planetary
masses (and radii) will be unknown. To fully characterize and understand the composition and
atmosphere of the planets, the planet mass must be determined. The NAS Exoplanet Science
Strategy report states “Mass is the most fundamental property of a planet, and knowledge of a
planet’s mass (along with a knowledge of its radius) is essential to understand its bulk composition
and to interpret spectroscopic features in its atmosphere. If scientists seek to study Earth-like
planets orbiting Sun-like stars, they need to push mass measurements to the sensitivity required for
such worlds [17]”.
Figure 1: Probability that a planet is rocky as a
function of planet radius. The transition from “non-
rocky” to “rocky” planets occurs near a planet ra-
dius of ∼1.6 R⊕ and is very sharp – spanning only
∼ 0.2 R⊕ in radius [16, 21, 8, 26, 18].
Planetary Masses Are Needed For Bulk Compositions: Planetary masses, coupled with radii,
provide us with an understanding of the bulk density and the surface gravity. Masses and radii
combined can be compared to planetary interior models to place constraints on the bulk compo-
sition (silicates, vs. metals vs. low molecular-weight ices vs. non-condensible hydrogen-helium
gas), and thus, tell us whether or not planets are rocky and terrestrial or gaseous and Neptunian.
Figure 2: Masses and radii for the 418 exo-
planets with fractional measurement errors less
than 20 percent (red circles, NASA Exoplanet
Archive [1]). The Solar System planets are in-
dicated by black stars. The dashed lines show the
predictions in [7] of theoretical models for sim-
ple compositions.There are only ∼dozen planets
with measured masses and radii in the terrestrial
category because of the difficulty in measuring
the masses of these small planets. Adopted from
NAS Exoplanet Strategy Report [17].
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Typically, planets with radii ∼1.6 R⊕ or smaller have densities consistent with rocky compo-
sitions, while planets with radii ∼1.8 R⊕ or larger planets have densities that are more consistent
with a substantial hydrogen-helium envelope around a rocky or icy core (Figures 1 and 2). How-
ever, the transition is not uniform nor is it absolute with clear examples of low density small planets
and high density large planets. Our ability to map this transition and the intrinsic scatter within the
mass-radius relation is limited by the precision of mass measurements and is currently confined to
short orbital period planets. Precise masses of Earth-sized planets in habitable zone orbits are
needed to find and understand the frequency and distribution of true Earth-like analogs.
Planetary Masses Are Needed For Atmospheric Composition: Finding rocky planets is only
the first step in finding Earth-like worlds. Measurements of the atmospheric composition are
needed to determine if the planet has an atmosphere, if the planet could support life, and if the
planet shows signs of atmosphere biosignatures. Transiting planets provide a unique opportunity
to determine the atmospheric composition of the planets via transmission spectroscopy during pri-
mary transit and emission spectroscopy during secondary eclipse (see Astro2020 White Papers by
Dragomir et al. and Lopez-Morales et al.). But these techniques require knowledge of the mass in
order to determine the compositional abundances of the atmospheres.
Figure 3: Simulated JWST spectra for a GJ1214-
like planet where the mass of the planet is un-
known and, therefore, the surface gravity is un-
known to within a factor of 2 (g=9.3 m/s2 vs
g=20.7 m/s2). The two different models have
abundances differences of more than a factor of
20 and are indistinguishable. Only with mass
measurements can the degeneracy be broken [2].
The depth of the features observed in the spectra scale directly with the scale height of the
atmosphere at those wavelengths: H = kT/µgp ∝ 1/µMp where T is the temperature of the
atmosphere, gp is the surface gravity, µ is the mean molecular weight, and Mp is the mass of the
planet. The planet mass (Mp) and the bulk atmospheric composition (µ) are degenerate with each
other; however, if the planet mass can be determined separately, the measured scales heights can
be used to determine the atmospheric composition (Fig 3). More detailed measurements of at-
mospheric properties (e.g., mixing ratios of molecules found in the atmosphere) depend on first
determining the scale height of the atmosphere [24]. Thus, the combination of the planetary mass
and radius (i.e., the surface gravity) is required for a determination of the atmospheric structure
[14] and interpreting atmospheric spectra. Masses are needed in order to determine if the dis-
covered Earth-mass planets may indeed be Earth-like in their atmospheric characteristics.
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Figure 4: Left: Plot of the 55 Cnc system showing that the f planet is on a sufficiently eccentric orbit
that the planet enters and exits the Habitable Zone of its star. Figure adopted from the Habitable
Zone Gallery [11]. Right: Schematic of how the orientation of an eccentric orbit can affect the
timing and duration of a secondary eclipse for the same orbital period but oriented differently
towards the observer (arrow). Adopted from [12, 4].
Orbit Determinations Are Needed for Demographics and Observing Eclipses: Understanding
how unique our Solar System is requires understanding the distribution of planets and their orbital
properties. Transit detection by itself is not sufficient as the transit events reveal little about the
eccentricity or obliquity of the orbits. Radial velocity observations used to determine the masses
of the planets also reveal the planetary orbits. Clues to the formation and evolutionary history of a
planetary system are contained within the current orbital dynamics of the systems. For example, if
a planet is in an eccentric orbit, it may enter and exit the habitable zone of its star, and such planets
may not be suitable for life (Fig. 4).
Further, the dynamical history of the planetary systems is fossilized into the orbital config-
uration now observed enabling exploration of possible migrations and the determination of the
existence of more massive planets further out which may foster the delivery of volatiles into the
inner planetary systems. Finally, orbits are not always circular or oriented in a manner that would
make the secondary eclipses correctly predicted from just knowing when the primary transits oc-
cur. Orbital determinations are necessary if secondary eclipse observations are to be made - for
without knowing the orbit, the timing of the eclipse is unknown (Fig. 4).
Together with measurements of the orbital obliquities of transiting planets (see white paper by
Johnson et al.), masses and orbits allow for a full dynamical characterization of planetary systems
that may host Earth-like analogs. Radial velocity measurements can find additional non-transiting
planets, or long-term trends indicating the presence of long-period planets. All of these aspects
help us to achieve a fuller understanding of planetary systems and the context in which the Earth-
mass planets reside.
Extreme Radial Velocity Precision Is Needed for Mass and Orbit Determinations: The radial
velocity technique, which benefits significantly from the pre-determined discovery and period de-
termination from the transit signatures of the planets, is the most direct way of determining the
planetary masses and orbits. Extreme precision radial velocity measurements enabled by the next
generation of instruments and the development of the 30-meter telescopes (TMT and GMT) or
perhaps a space-based platform (e.g., EarthFinder) will enable mass measurements of Earth-mass
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planets orbiting within the habitable zones of their stars.
Measurement of the masses of small planets is currently limited to those systems with the
shortest orbital periods (and hence highest irradiances) around the brightest host stars - as those
stars have been the practical targets for precision radial velocity followup. As a result, the small
planet mass-radius relationship is much less known for planets in wider orbits and lower irradiance,
and it’s virtually unexplored for planets in orbits within the habitable zone of their host stars. Of
the known ∼ 4000 confirmed exoplanets [1], there are 672 planets known with orbits of 100 days
or longer. Of these, only 14 planets have both the radii and masses measured. And of these planets,
all are Saturn-mass or larger. However, there are 132 known exoplanets with orbital periods greater
than 100 days with measured radii from transits - and of these, 75% are Neptune-sized or smaller
(Fig 5). The planets are there; we need the masses.
Figure 5: Planet radius vs orbital period plot of the
known exoplanets with orbital periods longer than 100
days (red) where planets with mass determinations are
highlighted (blue). Even before PLATO, there are
∼100 planets identified by Kepler that are Earth-sized
and in relatively long orbits that are potentially ripe for
mass determinations. Data adopted from the NASA
Exoplanet Archive [1].
The Keplerian radial velocity signal of a Sun-Earth analog is ∼ 9 cm/s – below the state of the
art in radial velocity precision (0.5-1 m/s). As the amplitude of the radial velocity signal and the
sizes of the habitable zones both scale inversely with the stellar mass, small planets in the habit-
able zone of low-mass stars (M∗ < 0.3M) are potentially accessible to today’s instrumentation
(Fig. 6), but whether these planets – which are exposed to elevated tides, extreme UV irradiation,
and prolonged pre-main sequence irradiation – are Earth-like remains unclear [22].
The 8-10m class telescopes, if equipped with instrumentation that can reach 1 cm/s, will still
play a major scientific role as they can observe the candidates around the brighter stars. Currently,
the majority of the small planets in habitable zone orbits around G and K dwarfs that have been
found by Kepler and (eventually by PLATO) orbit stars that are fainter than V & 9 mag [3, 19].
Thus, in addition to the precision radial velocity instrument improvements, the development of
the large telescopes or a space-based platform will to enable the observation of all the Earth-sized
planets.
Stellar oscillations, granulation phenomena, and chromospheric activity phenomena, which are
often collectively referred to as stellar “jitter”, can in practice limit the obtainable level of radial
velocity precision for planet detection. The magnitude of these effects for the Sun are on the
order of 1 m/s, with timescales ranging from a few minutes (p-mode oscillations), to tens of hours
(granulation phenomena), to tens of days (activity phenomena), and possibly even tens of years
(long-term activity cycles). High cadence observations with large telescopes or with a space-based
platform can help mitigate the stellar “jitter” by sampling the radial velocities at a sufficiently
high rate and signal-to-noise to enable modeling and removal of the jitter [15], as the data contain
sufficient information to recognize the effect of star spots on the apparent Doppler shift [5] and to
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detect planets [13].
In addition to stellar jitter, unresolved spectral lines in the Earth’s atmosphere (micro-tellurics)
can induce velocity shifts of ∼ 50 cm/s. Rapid cadence and high signal-to-noise, high dispersion
spectroscopy allows for better sampling and modeling of fluctuations caused by the contaminating
micro-telluric lines. With high temporal sampling and high spectral resolution enabled by the 30-
meter telescopes, the telluric lines can be sampled and modeled sufficiently to reduce the induced
noise to a few cm sec−1 [9]. Finally, with the shorter integration times, the determination of the
observation midpoints are improved and, hence, the accuracy of the barycentric correction can be
improved by a factor of 3 or more to less than ∼ 1 cm/sec [9].
Figure 6: Radial velocity sensitivity requirements as
a function of stellar mass and semimajor axis. The
shaded region indicates the location of the traditional
liquid water habitable zone [23]. The dashed lines
show where the radial velocity semi-amplitude of a
1 M⊕ planet would equal either 1 m/s or 0.09 m/s.
Adopted from NAS Exoplanet Strategy Report [17].
The proposed 30-m telescopes and the space-based probe EarthFinder can facilitate observa-
tions at a cadence that will enable mitigation of the stellar activity in a complementary manner to
the “jitter”-averaging approach done today with current facilities. Additionally, enabling obser-
vations of fainter stars known to host long period transiting planets can allow studies of systems
currently out of reach of today’s facilities. The greater sensitivity of the 30-meter telescopes and
the space-based platforms will allow for higher spectral resolution making it possible to measure
and model the spectral line fluctuations at sufficient signal-to-noise to enable the disentangling of
stellar activity radial velocity signatures, which are wavelength-dependent, from Keplerian orbit
radial velocity signatures, which are wavelength-independent [6].
Recommendations: Over the next decade, humanity has opportunity to address fundamental ques-
tions we have been asking for millenia: Are we Alone? In order to find and characterize Earth
2.0, mass and orbit measurements of Earth-sized planets in the habitable zone of their host stars
are crucial. Toward that end, we have three major recommendations:
1. We endorse the findings and recommendations published in the National Academy reports on
Exoplanet Science Strategy and Astrobiology Strategy for the Search for Life in the Universe. This
white paper extends and complements the material presented therein.
2. Specifically, the US should invest in the EPRV initiative as recommended by the National
Academies of Sciences Exoplanet Science Strategy Report [17].
3. The US should invest in the instrumentation, telescope facilities (ground and space-based)
and advanced tools for statistical modeling of stellar variability necessary to obtain the radial ve-
locity observations at the precision and quality sufficient to determine the masses and orbits of
Earth-sized planets in the habitable zones of Sun-like stars. The most compelling systems will be
discovered in both hemispheres, and thus, facilities need to access the whole sky.
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